THE SLEEP OF THE ELDERLY, even in a healthy population, has been shown to be altered in total amount, relative quality, and temporal organization. Marked reductions in the amount of stages 3 and 4 sleep, along with increases in the number and duration of awakenings at night, have been documented polysomnographically. 1,2 Studies employing spectral analysis techniques have also revealed that elderly humans demonstrate a reduction in delta power, primarily during the first half of the night. 3, 4 Furthermore, laboratory analysis of human sleep rhythms has documented a temporal shift of bedtime and awakening time to earlier hours, 5 an effect which has been attributed to a shortening of the free-running period of the circadian clock and subsequent alteration of the phase of entrainment to the light-dark cycle. 6 It has been proposed that the earlier rise in body temperature accompanying this phase advance in the elderly contributes to the fragmentation of sleep episodes, 7 and that it is this fragmentation that contributes to an impairment of alertness and increased daytime sleep propensity. 8, 9 Current aging research using animal models has observed some, but not all, of the changes to sleep associated with aging in humans. Old rats exhibit a decreased amount of REM sleep as a proportion of total sleep time, a diminished amplitude of the diurnal sleep-wake rhythm, and increased fragmentation of sleep episodes throughout the day. 10-13 However, another study found no difference in sleep times between young rats and those old rats which demonstrated a robust circadian temperature rhythm. 14 Old mice entrained to a LD 12:12 cycle sleep less during the light phase than young mice, but increase their sleep time during the dark phase at the expense of waking activity. 15 Studies of sleep in the aging cat have shown similar changes, including increases in wake time and decreases in REM sleep, but also a decline in NREM sleep. 16 Taken together, these studies suggest that there are age-associated
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Sleep may vary not only in amount and distribution, but also in intensity. One measure of NREM sleep intensity used in humans, cats, and rodents is spectral power density in the delta frequency range. 3, [17] [18] [19] In humans, a reduction in delta power becomes apparent by middle age. 3 Although cats show an age-related decrease in delta spectral activity, 20 no age-associated decline in delta activity has been found in the rat. 10 Neither the mouse nor the hamster have yet been tested.
In terms of circadian function, the golden hamster is a well-studied model of circadian timekeeping and an established aging model based on circadian parameters including body temperature and the rest-activity cycle. [21] [22] [23] [24] Some age-related changes documented in this species include increased fragmentation of the activity rhythm, 25 reduced levels of responsiveness to a circadian perturbation, 26, 27 and an altered phase angle of entrainment. 28 While the baseline sleep of young adult golden hamsters has been described previously, 29 the effect of aging on the sleep of the golden hamster is unknown. The present study was therefore designed to explore age-related changes in the amount, distribution, and spectral characteristics of sleep in the golden hamster.
MATERIALS AND METHODS

Animals
All animals were male golden hamsters purchased from Charles River Supply (St. Louis, Mo). Young animals were 8-10 weeks (2.9±0.12 months) of age and old animals were 16-18 months (17.4±0.28 months) of age at the time of study. Under normal laboratory conditions, this species has been reported to have a lifespan of 22-23 months. 30 Old animals were retired as breeder animals at 8-9 months of age, and were then housed at the University of Wisconsin (Parkside, Wis) in a 14:10 light/dark (LD) cycle (150-200 lux) until transfer to Northwestern University. Upon arrival at Northwestern University (Evanston, Ill), all animals were individually housed in 14:10 LD (350 lux) for at least 2 weeks for acclimatization to the new laboratory conditions prior to beginning the experiment. Hamsters were provided with food and water ad libitum. All procedures described were previously approved by the Animal Care and Use Committee of Northwestern University.
Activity and EEG Recording Procedures
Activity was monitored throughout the experiment using infrared motion sensors (A1 Securing and Electrical Ltd., Huyton Merseyside, England) located directly above each cage. Activity patterns were recorded and analyzed with the Chronobiology Kit (Stanford Software Systems, Stanford, Calif). Due to individual variations in the IR sensors, use of the activity monitoring system was limited to verifying recovery from surgery and ensuring entrainment to the light-dark cycle. Animals were anesthetized for surgery with sodium pentobarbital (100 mg/kg body weight), and implanted with electroencephalographic (EEG) and electromyographic (EMG) electrodes for polysomnographic sleep recording. Two stainless steel EEG recording screws were positioned 1 mm posterior to bregma, 1 mm left of the central suture and ipsilaterally at 1 mm anterior to lambda and 1 mm left of the central suture. A third screw was placed contralaterally to the EEG recording screws as additional support for the implant. EMG activity was monitored via two gold-plated probes (Newark Electronics, Newark, NJ) sutured into the neck muscles. All lead wires were fastened to a 2´2 pin grid array and the entire head implant was attached to the skull using acrylic cement. All animals described in this report demonstrated recovery from surgery, defined as a return to presurgery activity levels, within 5-7 days.
After recovery from surgery, each hamster was placed in a sleep recording chamber and connected to a rotating tether system which enabled complete freedom of movement throughout the cage. Except for the recording tether, conditions in the recording chamber were identical to those in the home cage. After a 48-hour acclimation to the tether, EEG and EMG waveforms were collected for 48 continuous hours in each animal. EEG signals were amplified approximately 25,000´, with a -6dB/oct high-pass and low-pass filter settings at 0.5 Hz and 50Hz (3dB), respectively. EMG signals were amplified 10,000-50,000´and low-pass filtered at 50 Hz. Both signals were then digitized at 100 Hz by an analog-to-digital converter (Data Translation model DT-01EZ), and stored on an IBM AT computer system. Waveforms were collected using ACQ, a software system designed specifically for gathering and analyzing rodent sleep data. [31] [32] [33] 
Sleep Scoring Procedures
After collection, a continuous 24-hour light-dark cycle from each hamster was classified by two independent sleep scorers into 10-second epochs of either wake, nonREM (NREM) sleep, or REM sleep based on the EEG and EMG signals recorded from each animal. A wake epoch was defined as low-voltage, high-frequency EEG and a highamplitude EMG. NREM was classified as high-voltage, mixed-frequency EEG and low-amplitude EMG. A REM epoch was scored when the EEG was of mixed frequency with a predominance of theta activity (7-11 Hz) and a low amplitude EMG. Unscorable epochsie, from movement or electrical recording interferencewere marked as artifact and excluded from further analysis. The number of epochs from each stage was then totaled and divided by the total recording time minus any artifact to produce a percentage of time spent in each stage. Percentages from both scorers were averaged to produce a final result for each animal. Sleep/wake stages were compared over the complete 24-hour recording period as well as during the 14-hour light period and 10-hour dark period independently.
Sleep Episodes
To classify sleep architecture, sleep was divided into episodes by the following measures: 1) The start of a waking or sleep episode required six consecutive epochs of waking or sleep. 2) During sleep, the start or continuation of a REM episode required two or more epochs of REM separated by no more than two epochs of any other state. 3) Arousals were designated as waking periods within sleep episodes lasting less than 6 epochs.
Spectral Analysis
EEG power in the delta range (0.5-4 Hz) was calculated from five 2-second-block Fast Fourier Transforms (FFT) on those 10-second epochs classified as either NREM or REM. Because of individual differences in signal magnitude between animals, a comparison of total delta power during NREM-scored epochs was normalized to the mean delta power during REM-scored epochs which served as a measure of background delta power. This procedure cannot distinguish age-related changes in NREM delta from changes in REM delta. However, mean delta power per epoch of REM sleep showed no statistical difference between young (3.32±0.39´10 6 mV 2 /Hz) and old animals (3.12±0.33´10 6 mV 2 /Hz).
Statistical Tests
All statistical comparisons were made using NCSS 6.0 software (NCSS, Kaysville, Utah). Unless otherwise noted, comparisons by age group over the total 24-hour, 14-hour light, and 10-hour dark periods were made using two-tailed values from a Students t test. When the data violated the assumptions of the t test, the nonparametric Mann-Whitney U test was employed. The 24-hour temporal variation in normalized delta power was assessed by a repeated-measures ANOVA using normalized delta power and time of SLEEP, Vol. 21, No. 7, 1998 Effects of aging on sleep in the golden hamsterNaylor et al day organized into hourly bins as factors. Significant differences were defined as p<0.05. Unless stated otherwise, all group values are expressed as mean ± SEM.
RESULTS
Sleep/Wake Parameters
Reliability.There was an 88.9±1.7% agreement between scorers on the number of epochs scored as waking, 91.0±1.4% agreement on the number of NREM epochs, and an 87.0 ± 1.9% agreement on the number of REM epochs.
Total 24-hour.While no significant difference was observed in overall time awake in either age group (42.5±1.6% in the young vs 38.6±1.7% in the old animals [p=0.10]), a small but significant increase in overall NREM sleep time was seen in the old hamsters as compared to the young (young: 46.1±1.8% vs old: 50.0±1.4%; p=0.03 Mann-Whitney U). Over the complete 24-hour recording period, REM sleep time remained unchanged in both the young (11.4±0.6%) and old (11.4±0.4%) hamsters.
14-hour light period.During the course of the 14-hour light period, no significant differences between young and old animals were observed for any of sleep/wake parameters studied (Fig 1a) . Young animals spent 33.3±1.8% of the light period awake as compared to 31.0±1.8% in the old animals. Likewise, NREM and REM sleep remained similar for both groups (young: 51.8±2.0% NREM and 14.9±0.9% REM; old: 54.2±1.5% NREM and 14.7±0.6% REM).
10-hour dark period.The significant difference in NREM sleep observed during the 24-hour recording was primarily due to an over-16%-greater amount of NREM sleep during the dark period in the old hamsters. Whereas young animals spent 37.9±2.6% of the dark period in the NREM sleep state, old animals spent significantly more of the dark period in NREM (44.1±1.6%, p<0.05). All other sleep parameters measured during this time were not significantly different (Fig 1b) . Young animals spent 55.6±3.2% of the 10-hour dark period recording time awake vs 49.2±2.0% in the old animals. REM sleep was also equivalent for both groups (young: 6.5±0.9% vs old: 6.7±0.6%). 
Sleep Episode Comparisons
Overall, the median sleep episode length for both groups of hamsters was very similar. In young animals the median sleep episode length during the light period was measured at 14.0±0.6 minutes, while in old animals the median length was 15.9±1.0 minutes. The median sleep episode length during the dark period for young and old was also very similar (young: 9.2±1.4 minutes; old: 11.4±0.8 minutes). The number of arousals from sleep episodes over the entire 24 hours was also not significantly different between the two age groups (young: 232±15, old: 221±15).
Alterations in the Spectral Characteristics of NREM Sleep
Total delta power during NREM.Normalized cumulative delta power during NREM sleep was significantly reduced in the old hamsters when compared to the young hamsters over the total 24 hours (Fig. 2a) . The mean delta power accumulation of young hamsters during NREM sleep was 13.4±0.63´10 3 seconds, whereas old hamsters had 10.7±0.63´10 3 seconds of cumulative delta activity during NREM sleep over the entire 24-hour recording period (p=0.006). Over the 14-hour light period, young hamsters showed significantly more mean delta power accumulation (8.55±0.48´10 3 seconds) vs the old hamsters (6.75±0.43´10 3 seconds) during NREM sleep (p=0.01). During the 10-hour dark period, young and old hamsters had a similar difference in cumulative NREM delta power but failed to reach statistical significance (young: 4.87±0.45´10 3 seconds vs old: 3.92±0.28´10 3 seconds, p=0.07). In general, cumulative delta activity for the old animals represented about a 20% decrease from levels in the young hamsters.
Delta power per NREM epoch.When delta power was calculated on a mean per-epoch basis, old hamsters showed a significant (27%) reduction in mean normalized delta power per NREM epoch compared to young hamsters (Fig. 2b) . The 24-hour mean of normalized NREM delta in the young hamsters was 3.40±0.19 vs 2.47±0.13 in the old hamsters (p=0.0004). Further analysis of these data indicate that this difference was present in both the 14-hour light and 10-hour dark periods of recording. During the 14-hour light period, young animals had a mean normalized delta power per NREM epoch of 3.34±0.17 vs 2.47±0.14 for the old animals (p=0.0005). Similar young/old differences were observed during the dark period (young: 3.44±0.25 vs old: 2.48±0.13, p=0.001).
Temporal variation in NREM delta power.The accumulated NREM delta power in hourly bins across the 24-hour day (Fig. 3a) was significantly greater in young hamsters compared to old hamsters (ANOVA: DF=1, F=9.43, p=0.006). NREM delta power also fluctuated on a diurnal basis, as there was a significant effect of time of day (ANOVA: DF=23, F=11.61, p<0.0001). However, no significant interaction effect was noted between the factors group and time of day. Because delta power is dependent on the amount of NREM sleep an animal receives, we also compared the hourly NREM amounts between young and old hamsters (Fig. 3b) . As expected, we found a significant time-of-day effect (ANOVA: DF=23, F=12.9, p<0.0001). No significant group or interaction effect was observed for hourly NREM amounts.
DISCUSSION
This is the first report to assess age-related changes in the sleep of the golden hamster. In young and old hamsters entrained to a 14:10 LD cycle, we observed a significant increase in the amount of NREM sleep over 24 hours in old hamsters, but otherwise no significant difference in the overall time spent in sleep or wake during a complete 24-hour light-dark cycle. This increase in NREM was primarily due to an increase in NREM sleep during the 10-hour SLEEP, Vol. 21, No. 7, 1998 Effects of aging on sleep in the golden hamsterNaylor et al 691 dark period, a normal time of activity in this animal. Sleep bout lengths did not differ between the young and old hamsters, nor were we able to detect any difference in the number of arousals from sleep episodes between the two groups.
Spectral power analysis during NREM epochs revealed the most intriguing differences between the sleep of young and old hamsters. Over the entire 24 hours, and especially during the 14-hour light period, the sleep of old hamsters was significantly diminished in cumulative NREM delta power relative to the younger hamsters. In addition, the average delta power per NREM epoch was significantly reduced in the old hamsters as compared to young across all time periods measured.
It is tempting to speculate that the increased sleep time in old hamsters may be a failed attempt to maintain delta levelsie, they slept more to make up for the lower intensity of their sleep. Indeed, one similarity of age-related sleep changes in the human, 3, 4 cat, 20 and now the hamster is a decline in NREM delta power. Not only was the normalized delta power per epoch of NREM sleep about 27% lower in old relative to young hamsters, but the small amount of extra NREM sleep that the old hamsters obtained was insufficient to bring their cumulative NREM delta for the day up to the level of the young hamsters. However, there are some caveats to such a hypothesis. As noted previously, the decrease in the normalized values could result from an increase in the REM delta power/epoch in the old hamsters, but this is unlikely given that this normalization factor was slightly and nonsignificantly lower in old hamsters. Thus, the data are consistent with a decline in NREM delta power rather than an increase in REM delta power. Conversely, it may be that the delta-power decline in sleep is the result of an increase in sleep time at the expense of consolidated waking periods in the normal time of activity. In other words, the old hamsters do not need to sleep as intensely because they spend more time sleeping. This seems unlikely, since the decline in delta is greater than the increases in sleep, whereas with sleep deprivationa large decrease in sleep produces a relatively small net rise in delta. In either case, more studies are necessary to further investigate the possible causal mechanisms for an age-related decline in delta power in this species.
In our study, the percentage of recording time that young hamsters spent awake, in NREM sleep, and in REM sleep under both the 14-hour light and 10-hour dark periods is consistent with previously published data for sleep in this species. 29, 34 Unlike some previous studies in aging rats, we did not observe a decrease in total time spent asleep 13 or total time in REM sleep 10, 11 in our group of aging hamsters. To the contrary, our old group spent slightly more time in NREM sleep during the dark phase than their younger counterparts, an effect which has previously been observed in aged mice. 15 One speculation is that this increase in NREM sleep seen during the dark period may arise from an age-related dampening of a circadian-alerting factor.
The increase in the percentage of time spent in NREM sleep in the aging hamster and the lack of change in REM time, episode length, or number of arousals are all at variance with the findings in aging humans. 2, 4, [35] [36] [37] [38] The decline in NREM delta, on the other hand, is consistent with the findings in aging humans and cats. One could also argue that the increased NREM time in the normal waking period is the counterpart of the increased sleep propensity of aging humans during the normal waking period.
One possible source for the difference between our findings in the hamster and those from rat studies might lie in the initial choice of aged hamsters in this experiment. Animals were selected, based on visual inspection, for their perceived ability to survive the initial sleep implant surgery and to continue for at least another 2 weeks for recovery and recording. Thus, only successfully aging animals in exceptional health were selected for the study. Li and Satinoff 14 reported that sleep in old rats with stable and robust circadian temperature rhythms is no different from sleep in young rats. In their study, only the old rats with unstable circadian temperature rhythms demonstrated some age-associated alteration in sleep. Similarly, some human studies have suggested that circadian activity, temperature, and sleep rhythms of active, healthy elderly individuals may be well preserved, and that a decline in sleep quality is not an inevitable consequence of aging. 39, 40 The present analysis of sleep-bout length and fragmentation in the golden hamster revealed no difference in the median sleep-bout length or number of arousals between the two age groups. This is in contrast to previous rodent 11 and human 8 findings. We think this result may be related to our finding that the old hamsters in our sample demonstrated a significant increase of NREM sleep with age, and that this increased sleep time may be helping to maintain sleep continuity.
The hamster provides a potentially promising model for aging research, and particularly the interactions of sleep and circadian rhythmicity. Overall, the changes seen in sleep associated with aging in the hamster reflect many, but not all, of the age-associated decrements described in other species. The prominent decline in delta power seen in aging cats and humans seems to be the most robust agerelated change in the golden hamster. One expansion of this finding might be to examine recovery from sleep deprivation in this species in order to identify the critical period when this decline delta power might take place. Additional studies correlating the age-related decline in delta power with circadian wheel-running and body temperature changes in this species may be useful for developing a bet-ter understanding of the complex interactions of sleep and circadian rhythms in aging humans.
